INTRODUCTION
Over the last decade, activity based proteomics has become a prominent method for profiling of enzyme activities in complex protein samples (for reviews see (1) (2) (3) (4) (5) ). This approach is dependent on small molecules termed activity based probes (ABPs) that use chemically reactive functional groups to covalently modify the active sites of a specific enzyme class. Activity based probes have been specifically designed to target enzyme families with well-established catalytic mechanisms including proteases, kinases, lipases, glycosylases, histone deacylases and phosphatases (for a general review see (2) ). Among proteases, activity based probes have been mainly used for profiling of the serine and cysteine families since both utilize catalytic nucleophiles in their active site, which can be effectively targeted by a number of classes of synthetically accessible electrophiles (6) (7) (8) (9) (10) (11) (12) .
One strength of ABPs is that they allow direct monitoring of the regulation of enzyme activity, thereby providing information that can be used to infer the function of targets. Perhaps even more importantly, ABPs provide an efficient way to enrich complex proteomes thereby making subsequent analytical analysis much simpler.
Biotin is often used as a tag to facilitate isolation of labeled proteins by affinity chromatography on immobilized avidin. Biotin is commonly used because it is relatively cheap and provides diffusion-limited binding to avidin, thus allowing even low abundant proteins to be isolated with high efficiency. The disadvantage of this high affinity interaction with avidin is the harsh denaturing conditions required to disrupt the biotin-avidin interaction. Since these conditions are not directly compatible with mass spectrometry applications, samples must typically first be analyzed by SDS-PAGE and subsequently proteins must be cut from a gel for identification. This additional step leads to significant loss of sample and can cause problems for proteins that do not resolve well via gel electrophoresis. Alternatively, proteins can be directly digested from the avidin resin, however contamination by avidin and endogenously biotinylated proteins can be significant and in many cases will prevent detection of low abundant targets. Furthermore the on-bead digestion method leads to significantly more false positives as a result of non-specific binding of proteins to the avidin resin.
These false positive are particularly problematic because hit validation is often the most costly and time-consuming phase of proteomic studies.
To address some of the limitations of biotin, various cleavable linkers have been reported. These include acid cleavable linkers (13), peptide linkers that can be cleaved by a proteolytic enzyme (14) and disulfide linkers (15) . While all of these regents have proved advantageous for specific applications, all have disadvantages which limit their general use. In particular, elution by acidic cleavage is often nonspecific and TFA must be removed from the sample prior to MS analysis.
Furthermore, proteolytic elution requires introduction of an additional protease and tends to be less practical because elution efficiency is strongly dependant on protease activity. Probes that utilize a disulfide cleavable linker are not compatible with buffers containing reducing reagents such as DTT, and are prematurely cleaved under many cellular conditions.
We have recently developed a diazobenzene linker that can be cleaved to the corresponding anilines using a mild reducing agent (16). We present here the analysis of this cleavable linker system applied to ABPs that target both cysteine and serine proteases. When compared to the on-bead digestion of labeled targets, specific chemical elution produces more reliable proteomic data that is free of background protein contamination.
EXPERIMENTAL PROCEDURES
Synthesis of SV1 and SV331. Synthesis of these probes was carried out using previously reported solid phase synthesis methods (8, 16). The cleavable linker was incorporated into the probe by coupling of 4-(5-(2-N-Fmoc ethyl)-2-hydroxyphenylazo) benzoic acid using standard solid phase peptide synthesis methods.
Synthesis of cleavable version of fluorophosphonate DAP22C probe (MTS-I-49)
(2'-Chloro)-chlorotrityl resin was treated with Fmoc-protected alanine under standard solid phase synthesis conditions (4 eq. DIEA in methylene chloride). The chain was extended under standard conditions using Fmoc-protected alanine (3 eq. HBTU, 3 eq.
HOBT, 6 eq. DIEA), 4-(5-(2-N-Fmoc ethyl)-2-hydroxyphenylazo) benzoic acid (1.5 eq. PYBOP, 3.0 eq DIEA) and biotin (1.5 eq. PYBOP, 3.0 eq DIEA) sequentially, gently shaking in DMF. Removal of Fmoc protecting groups was performed with 20% piperidine in DMF at room temperature. Cleavage from the resin with 2% TFA in methylene chloride (10 x 2 ml) provided the free acid which was concentrated in vacuo and used directly without further purification. The above acid was treated with (1-amino-2-phenylethyl) phosphonic acid diphenyl ester (1 eq.) , PYBOP (1.5 eq.) and DIEA (3 eq.) in DMF. The solution was stirred at room temperature overnight to provide MTS-I-49, which was purified by HPLC.
Preparation of mouse tissue homogenates and protein labeling
For tissue homogenate preparations, 60-90 mg of total protein from mouse liver, kidney, spleen and brain tissue were used. Mouse tissue samples were homogenized using a bead beater in the presence of acetate buffer (50mM sodium acetate, 2mM EDTA, pH 5.5) for cysteine proteases or Tris buffer (50mM Tris, 2mM EDTA, pH 7.4) for serine hydrolases. The non-soluble fraction was removed by centrifugation (5 min at 13000g) and total protein concentration was determined by the Bradford method. Total protein concentrations in homogenate preparations were in the range of 20-40 mg/ml and 5 mg of total protein was used for a single labeling and enrichment experiment. Cysteine proteases were labeled by addition of the SV1 probe (10 µM final concentration) in the presence of DTT (2 mM final concentration). Labeling was carried out for 2h at room temperature. For SDS-PAGE analysis the fluorescent probe SV31 (also at 10 µ!) was used in place of SV1 as it allowed easier detection of labeled protein bands. Serine hydrolases were labeled by addition of MTS-I-49 (10 µM final concentration) and incubation was carried out for 2h at room temperature.
Labeled proteins were detected by avidin blot. Samples were separated by SDS-PAGE and transferred to a nitrocellulose membrane (BioRad, USA). The membrane was blocked in casein (5% solution in PBS) and incubated with streptavidin-HRP (dilution 1:3500, Sigma, USA) for 1 h at room temperature. After washing three times with 0.5% Tween in PBS, the membrane was treated with SuperSignal West Pico Chemiluminescent Substrate (Pierce, USA) and exposed to HyBlot CL autoradiography film (Denville Scientific, USA).
Affinity enrichment and elution of labeled proteins
After protein labeling, free probe was removed by a PD-10 gel filtration column (Amersham, USA) and sample was eluted in PBS buffer (pH 7.4). Streptavidin beads (Pierce, USA) were washed with PBS buffer and resuspended in the eluate. The sample was incubated at room temperature with shaking for one hour. Streptavidin beads were separated from the unbound fraction by centrifugation. The supernatant was discarded and the beads were sequentially washed with a series of PBS buffers containing 0.05% SDS, 1M NaCl and 10% EtOH. Finally, the beads were washed with 100 mM ammonium hydrogen carbonate. Washing was performed three times with each buffer solution. After washing, beads were either used for ''on bead'' digestion or chemical elution. Chemical elution was performed by addition of elution buffer (100 mM ammonium hydrogen carbonate, 25 mM sodium hydrosulfite) followed by incubation at room temperature for 15 minutes.
Sample preparation for LC-MS/MS analysis
For ''on bead'' digestion, streptavidin beads with bound proteins were resuspended in 100 µl of denaturing buffer (50 mM sodium hydrogen carbonate, 6 M urea). Bound proteins were reduced in the presence of 10 mM DTT for 1 h. Samples were alkylated by addition of 200 mM iodoacetamide (20 µL) and incubated for 1h in the dark. Proteins chemically eluted from streptavidin beads were denatured by addition of an equal volume of 12 M Urea. Reduction, alkylation and trypsinization steps were performed in the same way as described for ''on beads'' digestion. Prior to MS analysis, samples were desalted using a Vivapure C 18 spin column (Sartorius, Germany).
Detection of labeled active site peptides of purified bovine cathepsin B
Purified bovine cathepsin B was purchased from Calbiochem. Five micrograms of the protein was labeled by 10 µM SV1 probe in the presence of labeling buffer (50 mM sodium acetate, 2mM EDTA, 2mM DTT, pH 5.5). Samples were incubated for 2h at room temperature. Streptavidin beads (20 µL of bead slurry washed with acetate buffer) were added to the sample and incubation continued for 1 h at room temperature. Unbound proteins were washed away and ''on beads'' digestion was performed as described in the upper section. The digested supernatant was stored and the beads were washed three times with 100 mM sodium hydrogen carbonate solution (1 ml). Labeled cathepsin active site peptides were eluted by incubation of the beads in cleavage buffer (100 mM ammonium hydrogen carbonate, 25 mM sodium hydrosulfite) for 15 minutes. The cleavage buffer was removed and replaced with fresh solution two times. All three eluted supernatants were pooled and prepared for LC-MS/MS analysis as described below.
LC-MS/MS and database search
Samples were analyzed on a LCQ DecaXP Plus ion trap mass spectrometer (Thermo Fisher, USA) coupled to a nanoLC liquid chromatography unit (Eksigent, USA).
Peptides were separated on a BioBasic Picofrit C 18 capillary column (New Objective, USA). Elution was performed with acetonitrile gradient from 0-50% in the 0.1% solution of formic acid over 40 min with overall flowrate of 350 nL/min. The three most intense base peaks in each scan were analyzed by MS/MS. Dynamic exclusion was set at a repeat count of 2 with exclusion duration of 2 min. Database searches were performed using the mouse NCBI protein database using the Sequest algorithm (Thermo Fisher, USA). Peptides with XCorr values over 1.5 (+1 charge), 2 (+2 charge) and 2.5 (+3 charge) and deltaCn values over 0.1 were considered for further evaluation. Protein and peptide hits were statistically reevaluated by Scaffold (Proteome Software, USA). Peptide identifications were accepted if they could be established at greater than 95% probability as specified by the Peptide Prophet algorithm (17). Protein identifications were accepted if they could be established at greater than 99.0% probability and contained at least 2 identified peptides. Protein probabilities were assigned by the Protein Prophet algorithm (18).
RESULTS AND DISCUSSION
We have recently reported the synthesis of the probe SV1 that specifically targets papain family cysteine proteases (16). This probe has an epoxide warhead, a biotin tag and contains the diazobenzene cleavable linker which can be specifically cleaved with greater than 90% elution efficiency using mild reducing conditions (16). Using this cleavable ABP, labeled target cysteine proteases are affinity purified using an avidin resin and then eluted by cleavage of the diazobenzene linker using sodium hydrosulfite ( Fig. 1) . We therefore decide to use this general probe as a starting point to evaluate the utility of the cleavable linker system for activity based protein profiling applications.
When using standard (non-cleavable) activity based probes labeled with biotin, enriched proteins must be prepared for MS analysis in either of two ways.
They can be eluted by denaturation by boiling in the presence of SDS, analyzed by SDS-PAGE and digested 'in gel', or they can be digested 'on bead'. 'In gel' digestion is time consuming, requires higher sample quantity and is more prone to keratin contamination. 'On bead' digestion is one of the most commonly used non-gel methods for proteomic analysis of affinity purified targets (19) (20) (21) (22) . In this approach enriched proteins are denatured, reduced, alkylated and digested while they are bound to affinity matrix such as immobilized avidin. However, natively biotinylated and abundant nonspecifically bound proteins can still be present during the digestion step even after stringent washing. These proteins produce false positives and can interfere with identification of low abundance targets.
One of the most significant advantages of the cleavable linker strategy is that it avoids background resulting from non-specifically retained or endogenously biotinylated proteins. However, for the cleavable linker to be of real value it must allow highly efficient elution of targets. To directly test the sensitivity of the cleavable probe we directly compared samples of labeled proteins isolated by on-bead digestion and by chemical cleavage (Fig. 2) . We labeled mouse liver, kidney and spleen with the SV1 probe and divided each sample in two aliquots. One was digested ''on bead'' while in other proteins were chemically eluted from the beads by linker cleavage and digested ''in solution'' as described in the methods section. In addition, a small amount of each proteome was labeled with the related fluorescent probe SV31 ( Fig.   2A ). This probe allows direct analysis of labeled proteomes by SDS-PAGE followed by scanning of the gel with a laser scanner. As expected the labeling profiles were similar in all three proteomes and the pattern of labeled proteins that were blocked by pre-treatment with the general inhibitor E-64, corresponded to the patterns previously observed for labeling of cathepsin B, X, H and C by the related probe DCG-04 (23).
Consistent with these reported patterns of labeling, cathepsin X (also called cathepsin Z) resolved above cathepsins B and H on the gel even though its molecular weight based on sequence alone suggests it should be smaller than both cathepsins B and H. This may be due to differences in secondary structure or post-translational modifications or effects based on detergent denaturation. In all three proteomes ''on We also applied the cleavable probe SV1 to brain lysates to determine if the reduced background and high sensitivity observed in liver, spleen and kidney samples could be observed in other tissues that have typically produced high background in our activity based protein profiling experiments (Fig. 3) . SDS-PAGE analysis of brain lysates incubated with the fluorescent probe SV31 showed labeling of two cysteine protease activities that could be inhibited by E-64 (Fig. 3A) . Based on their molecular weight and inhibitor sensitivity, these two protease were predicted to be cathepsin X and B. Direct, on bead digestion of enriched brain lysates identified a total 11 proteins but only two of them were positively identified as cysteine proteases (cathepsin B and ubiquitin carboxyterminal hydrolase L1; Fig. 3B ). In contrast, MS analysis of the chemically cleaved sample identified four proteins and two of these were identified as cysteine proteases (cathepsins B and X; Fig 3B) . As cathepsin B, cathepsin X and ubiquitin carboxyterminal hydrolase L1 (UCH-L1) are all members of the papain family of cysteine proteases, they all represent potential targets of the SV1 probe.
However, UCH-L1 is a highly abundant protein that makes up over 1% of total brain protein content (24) making it a potential non-specific background protein. Since SDS-PAGE did not show any fluorescently labeled band at the predicted size of UCH-L1 and the SV1 probe also failed to label recombinant UCH-L1 (Fonovi!, unpublished results), we have concluded that UCH-L1 is in fact a false positive background protein that was only identified in the on-bead sample. Furthermore, the weakly labeled 32 kDa protein that can be blocked by E-64 pre-treatment (Fig. 3A) was identified as cathepsin X in the chemical cleavage sample but was missed in the on-bead digestion sample. Thus, the chemical cleavage method both prevented identification of a false positive protein that seemed to be a legitimate target and helped to identify a false negative target that was missed by on-bead digestion due to high background contamination. In addition, chemical cleavage produced clean MS/MS spectra that allowed confident identification of probe-labeled cathepsin X (Fig 3C) , suggesting that the enhanced selectivity does not come at the cost of reduced spectral quality in the raw MS data.
To show applicability of the cleavable linker approach for profiling of other catalytic classes of proteases in the context of other probe scaffolds, we incorporated the diazobenzene linker into the peptide backbone of the commercially available probe DAP22C to make the probe MTS-I-49 (Enzyme Systems Products, USA; Fig. 4A ). DAP22C is a peptidyl aminoalkanephosphonate that has been reported to target the serine proteases cathepsin G and chymotrypsin in vitro (25). However, it has not been used for any proteomic applications. We used MTS-I-49 to label mouse liver extracts and analyze the labeled sample by both SDS-PAGE (Fig. 4B) and by direct chemical cleavage or on bead digestion (Fig. 4C) . While the on-bead digest again identified a large number of background and endogenously biotinylated proteins, the chemical cleavage revealed predominant recovery of the S9 family clan SC serine hydrolyase, carboxylesterase 4. Overall the level of background peptides was decreased by over 90%, when chemical elution was used for the sample preparation (Fig. 4C) . Although the number of carboxylesterase peptides identified was reduced compared to the on-bead sample we could still make a confident identification with nearly 40% coverage of peptide sequence (Fig 4D) . Carboxylesterase 4 has not been characterized on a functional level and has never been confirmed to be catalytically active (26). It is not clear why we were only able to identify this one esterase but the lack of other reasonable targets in the on-bead digestion sample suggest that the probe may simply be inefficient or highly selective for targets that are not active in mouse liver extracts.
Finally, we were interested to see if the active site peptides that are modified with the probe could be isolated and identified by MS/MS analysis. This is particularly important for applications of the cleavable linker system to isotope coded affinity tags (ICAT) where probe labeled peptides are exclusively recovered while non-labeled peptides are washed away. Since the active site peptides of all of the cysteine cathepsins are difficult to identify due to their large size as trypsin digested fragments, we tested the SV1 probe on purified bovine spleen cathepsin B. After ''on bead'' digestion of enriched labeled cathepsins, active site peptides were eluted by chemical cleavage and active site peptides were identified from the MS/MS fragmentation pattern. Surprisingly not only cathepsin B, but also cathepsin S was identified in this sample. Molecular mass of the precursor ion and its MS/MS fragmentation pattern showed the expected mass addition of 571 to the active site cysteine corresponding to the cleaved probe fragment (Fig. 5) . These data confirm that the probe labeled active site cysteine residues and that it could be used to specifically isolate and sequence the active site peptides labeled in the target proteases. In all of our labeling and enrichment experiments, we never identified any peptides derived from the pro-regions of the zymogen forms of any proteases (Fig. 6 ).
This data fits with the finding that the probe only showed modification of proteins in the size rage of the mature cathepsins when the samples were analyzed by SDS-PAGE and confirms that our probe labels only catalytically active proteases.
In conclusion, our results using multiple activity based probes that contain the chemically cleavable diazobene linker suggest that these will be valuable tools for direct proteomic profiling of active serine and cysteine proteases. The major advantage of this cleavable linker system is its ability to reduce background signals resulting in reduction in the number of both false positives and false negatives. We believe this linker system will have broad value for all types of small molecule proteomic probes that rely on affinity purification methods as it will help to reduce the time consuming and expensive process of validating proteomic hits. In the examples presented here we had the benefit of significant knowledge of the types of targets we expected to identify with our probes. In cases where general probes are used and potential targets are unknown, these chemically cleavable linkers will be particularly valuable. 
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